The fragmentation behaviors of the angular-and linear-type coumarins from Peucedanum praeruptorum Dunn and P. decursivum (Miq.) Maxim were simultaneously investigated by HPLC-DAD/ESI-MS n . For more structural identification, the fragment ions were analyzed and some possible fragmentation pathways were proposed. Different positions and numbers of the substituent also led to different fragment behaviors. Two types of coumarins from P. praeruptorum and P. decursivum were structurally elucidated by these techniques. In addition, UV spectra were applied to support the MS analysis. This is the first time that the two types of coumarins from herbal extracts have been differentiated by HPLC-DAD/ESI-MS n . The method further illustrated the importance of the ESI-MS n technique in the identification of different types of coumarins and was applied for the rapid differentiation of the two herbs. Figure 1: HPLC -UV (322 nm) separation of coumarins from the extract of P. praeruptorum and P. decursivum M1: HPLC chromatogram of P. praeruptorum; M2: HPLC chromatogram of P. decursivum.
Qianhu is a traditional Chinese medicine (TCM) used to cure diseases such as cough, accumulation of phlegm and heat in the lung [1,2a-2d] . In the past, its botanical resourcing included the roots of Peucedanum praeruptorum Dunn (Baihua-qianhu) and P. decursivum (Miq.) Maxim (Zihua-qianhu), (family Umbelliferae), both having similar appearances. Both herbs were officially listed in the Chinese Pharmacopoeia (2000 version) [3] . However, phytochemical studies in the past revealed that P. praeruptorum mainly contained angular-type pyranocoumarins whereas P. decursivum mostly contained linear-type coumarins [4a-4h,5a-5e] . The two types of compounds have dissimilar pharmacological activities and could not be substituted one for the other [6a-6d] . As a result, P. decursivum was removed from the Chinese Pharmacopoeia (2005 version) and P. praeruptorum has been authoritatively used as Qianhu in recent years [7] . Nevertheless, P. praeruptorum and P. decursivum are still obscurely used in East Asia. So, it was important and urgent to develop an analytical method for the rapid differentiation of the two herbs.
In recent years, HPLC coupled with ESI-MS n has been recognized as a powerful tool for confirmatory and quantitative analyses of chemical constituents in TCMs, owing to the high sensitivity and selectivity of the technique [8] . The procedure can provide adequate UV-vis and multi-stage mass spectral information and identify components by comparing the data with authentic standards and to elucidate unknown structures based on the mass fragment pathways. Many successful applications of HPLC/ESI-MS n have been reported [9a,9b] . The purpose of this study was to establish a simple, quick and reliable HPLC-UV-DAD/ESI-MS n method for detecting two types of coumarins, so that it could be used for rapidly differentiating the roots of the two Peucedanum species.
The
HPLC-UV detection and total ion chromatograms (TIC) of the extracts of P. praeruptorum and P. decursivum roots are shown in Figures 1 and 2 . The target coumarins are designated as 1 to 8 and 1′ to 10′ based on their retention times.
Figures 3 and 4 showed the chemical structures of the coumarins in the two herbs. ESI-MS n experiments were carried out in both positive and negative ion modes; the positive ion mode gave better results.
[M+NH 4 ] + and [M+H] + ions were dominant in the mass spectra. The key fragments detected in the ESI-MS n spectra of the two types of coumarins from the extracts of the herbs are listed in Tables 1 and 2. All the coumarins were unambiguously identified by comparing their retention times and spectral data with those of reference standards.
UV characteristics of coumarins in the two herbs:
The different types of coumarins in the two herbs showed different UV absorption characteristics. All the coumarins displayed strong absorptions at 200-350 nm. The linear-type furanocoumarins had maximum UV absorptions at 200-225 nm and 325-350 nm, but the angular-type furanocoumarins lacked absorption at 325-350 nm. This has been widely used to distinguish the two types of furanocoumarins [10] . For the angular-type pyranocoumarins, the characteristic UV maximum absorptions were at 200-220 nm, while the linear-type pyranocoumarins had maximum absorptions at 200-225 nm and 225-275 nm. As a result, the different UV absorption maxima can be used to identify each of the two herbs.
Fragmentations of angular-type coumarins:
In the MS of the extract of P. praeruptorum, for compounds (1) (2) (3) (4) (5) (6) (7) (8) [M+NH 4 ] + ions were observed as base peaks (Table 1) . These were all due to angular-type pyranocoumarins. The familiar substituent groups of the mother nucleon were angeloyl, acetyl, isovaleryl, and 2-methylbutyryl. In the MS 2 experiment, cleavage of the RCOOH unit from C-4′ was always observed. This generated the fragment ions at either m/z 245 or 227, which were assigned to the loss of one RCO unit from C-3′.When there were different substituents connected to C-4′ and C-3′, it was much easier to lose one from C-4′ and obtain the fragment HPLC-DAD/ESI-MS n identification of two species of Peucedanum Natural Product Communications Vol. 4 (8) ions at m/z [M+H-RCOOH] + in the MS 2 spectra. The different fragment behaviors were used to confirm the different positions of the substituent groups and to obtain detailed structural information. The proposed mechanism of these fragments is shown in Scheme 1.
The characteristic product ions of angular-type pyranocoumarins were at m/z 329, 327, 315, and 287 in MS 2 data, and at m/z 227 and 245 in MS 3 data [11, 12] . In the MS experiment using the extract of P. decursivum, the three angular-type furanocoumarins (6′, 8′ and 10′) always produced their product ions at m/z 329, followed by expulsion of a RCOO unit to gain fragment ions at m/z 245 (Scheme 1).
Fragmentations of linear-type coumarins:
Seven linear-type coumarins were characterized in the MS of the extract from P. decursivum, including four linear-type furanocoumarins (1′-4′) and three linear-type pyranocoumarins (5′, 7′ and 9′) ( Table 2) . The ion at m/z 409 was assigned as the major fragmentation ion for linear-type furanocoumarins (1′-4′), connecting one or two glucoses. Initially, they dissociated the sugar chain and produced the familiar fragment ions at m/z 247 and 229 seen in MS 2-3 data (Scheme 1). Moreover, 2′ and 3′ both had two molecules of sugar and generated a product ion at m/z 495 ( Figure 5 ). Sometimes it was more abundant in the spectra and was totally different from that of 1′ and 4′. The fragmentation behaviors of linear-type pyranocoumarins (5′, 7′ and 9′) , with gem-dimethyl 
Rapid identification of the two Peucedanum herbs:
In order to acquire further identifiable information to resolve the confusing herbs, the fragment ions of both types of coumarins were analyzed. The MS comparison between the two configurable patterns of coumarins further indicated that P. praeruptorum and P. decursivum contained different chemical constituents. In contrast to the MS experiment with P. praeruptorum, there were obvious fragment ions of sugar chains from the extract of P. decursivum. It could be inferred that linear-type coumarins often produced fragmentations ions at m/z 247, 245, 229 and 227. Otherwise, for the angular-type coumarins, fragments usually occurred at m/z 329, 327, 245 and types of coumarins, the linear-and angular-types have their absorptions at 200-220 nm, 225-270 nm, 325-370 nm and 200-225 nm, respectively ( Figure 6 ). Combining the MS data with DAD-UV maximum absorptions, it was possible to detect the two types of coumarins from the two herbs. To some extent, it was possible to rapidly identify the two herbs from the fragmentation ions in the ESI-MS n , as well as from the UV maximum absorptions.
Conclusions:
An HPLC-DAD/ESI-MS n method used to determine and identify two species of Peucedanum was proved to be accurate and effective. MS fragmentations and UV spectra were used for the identification of two types of coumarins in the herbs. Eight pyranocoumarins from the roots of P. praeruptorum were rapidly identified, as were ten coumarins in P. decursivum. The results strongly indicate the importance of identifying the two types of coumarins so as to differentiate between the two confusing herbs. The method was rapid and feasible enough to be employed for this differentiation.
Experimental

Reagents and chemicals:
All the authentic chemical standards were isolated from the whole herbs in our laboratory. Their structures were identified by spectroscopic (UV, IR, NMR) and mass spectrometric analysis by comparing the data with those reported in the literature [14a-14e] all the purities were above 98%. HPLC-grade methanol (Merck, Darmstadt, Germany) was used for the HPLC analysis. Water was purified using a Milli-Q50 SP water purification system (Millipore, MA, USA). The other reagents were commercially available of analytical purity.
Plant materials:
The roots of P. praeruptorum were collected from Zhejiang Province, China, and the roots of P. decursivum from Jiangsu Province. Both samples were identified by Prof. Minjian Qin, Department of Medicinal Plants, China Pharmaceutical University. These specimens had been deposited in natural habitat of our university for further chemical and analytical researches.
Sample preparation:
The powdered samples (0.5 g) were suspended in 95% ethanol (25 mL) and extracted in an ultrasonic bath (KQ-250DE, 220 V, 40 kHz, 25°C, Kunshan Instruments Co., China) for 60 min. To the extracted solutions, sufficient ethanol was added to compensate for the weight lost in the extraction procedure. The material was filtered and the filtrate concentrated to dryness. The residue was dissolved in methanol, transferred to a 10 mL volumetric flask, and methanol was added to make up to volume. The sample solutions were stored at 4°C until required. Then they were filtered through a 0.45 μm membrane filter (Whatman, UK) before LC/ESI-MS n .
HPLC-DAD/ESI-MS n
analysis and mass spectrometry: An Agilent-1100 HPLC system with diode array detector was equipped with a quaternary pump, vacuum degasser, autosampler, and column heater-cooler (Agilent Corporation, MA, USA). The chromatographic separation was performed on a Hedera ODS analytical column (5μm, 250 mm × 4.6 mm I.D., Hanbon, China) with the column temperature set at 30°C.
The mobile phase consisted of: (A) methanol and (B) water (v/v). A gradient elution program of 60-66% A at 0-5 min, 66-73% A at 5-30 min, 73-78% A at 30-50 min, 78-85% A at 50-55 min, and 85-100% A at 55-60 min was used for the separation of P. praeruptorum coumarins. Another gradient elution program of 45-50% A at 0-5 min, 50-55% A at 5-15 min, 55-80% A at 15-20 min, 80-85% A at 20-30 min, and 85-100% A at 30-40 min was used for P. decursivum. The re-equilibration duration between individual runs was 15 min. The detection wavelength was set at 322 nm. The flow rate was 1.0 mL min -1 and aliquots of 10 μL were injected.
MS detection was performed after UV-DAD measurements directly using a LC/MSD Trap SL (Agilent Corporation, MA, USA), equipped with an ESI source. The MS conditions were as follows: positive ion modes; collision energy (Amplitude): 1.0 V; collision gas: He; drying gas and flow rate: N 2 , 9 mL min -1 ; temperature: 350°C; pressure of nebulizer: 40 psi; high voltage: 3.5 kV; scan range: 50-1200 u; target mass: 700 u; smart parameter setting: active. Data acquisition was performed using Agilent Chemstation software (Agilent Corporation, MA, USA).
